A comparison of Arabidopsis DNA sequences revealed that the final nucleotides at the 3 end of approximately half of the Arabidopsis mRNAs, immediately upstream of the poly(A) tail, differ from the corresponding genomic sequences. This suggests that extra nucleotides were added to these mRNAs at their 3 termini prior to polyadenylation. Among the mRNAs containing additional nucleotides, approximately 65% had a single additional nucleotide, with the nucleotide C added most often. This nontemplated addition before the addition of the poly(A) sequence could be a major contributing factor to the often observed heterogeneity in transcription products. These findings should be helpful in the elucidation of the mechanisms of mRNA 3-end processing.
The 3Ј ends of most eukaryotic mRNAs contain a poly(A) tail, which is synthesized by poly(A) polymerase at specific pre-mRNA sites after an endonucleolytic cleavage (Colgan and Manley 1997; Zhao et al. 1999) . The site of cleavage in the pre-RNA is determined by the position of the regulatory elements and the nucleotide composition of the cleavage region. This region is located 11-24 nt downstream from an AAUAAA element and 10-30 nt upstream of a U/GU-rich element. Several tools have been designed to predict the 3Ј-processing sites in mRNAs of the yeast Saccharomyces cerevisiae (Graber et al. 2002) . However, the precise position and detailed mechanisms of the 3Ј processing of mRNAs are often unclear.
In this study, we mapped the 3Ј ends of Arabidopsis mRNAs to the corresponding sites in the genome using raw full-length cDNA data (Seki et al. 2002) . A total of 4,145 Arabidopsis cDNAs with poly(A) tails were selected (the accession numbers can be obtained at http://www.cls.zju. edu.cn/sub/shsjyf). Alignment of the cDNA sequences to the sequences of the five Arabidopsis thaliana chromosomes (http://signal.salk.edu/dblast.html) revealed that greater than 41% of the 3Ј-end nucleotides immediately upstream of the poly(A) sequence differed from the genomic sequence. A similar phenomenon was observed in full-length hypothetical cDNAs from chromosome 2 of Arabidopsis (Xiao et al. 2002) . In rice, approximately 15% of the cDNAs were found to contain a 3Ј nontemplated nucleotide addition prior to the poly(A) sequence, based on a study of 2,100 full-length cDNA sequences (GenBank accession numbers AK064803-AK066902). These observations indicate that this discrepancy occurs in at least some eukaryotic species, although such a high rate of discrepancies was not observed during an analysis of ESTs from mammalian and yeast cells using the same methods.
The above results suggest that extra nucleotides were added at the 3Ј termini of the mRNAs in a nontemplated manner prior to polyadenylation. This finding has profound implications for the understanding of the precise position and mechanisms of the 3Ј processing of mRNAs. In the maize mitochondrial rps12, cox2, and atp9 mRNAs, one to four nongenomically encoded nucleotides are present at the 3Ј termini (Williams et al. 2000) . In contrast to these nonpolyadenylated mitochondrial RNAs, most eukaryotic mRNAs contain a poly(A) tail (Colgan and Manley 1997; Zhao et al. 1999) , which conceals the 3Ј-processing steps between the cleavage and the polyadenylation addition. It is likely that significant changes occur between these two steps, including nontemplated addition at the 3Ј termini (Fig. 1) . This nontemplated addition prior to polyadenyla-tion could be a major contributing factor to the heterogeneity observed in some eukaryotic transcription products (Fig. 2) .
The above ratio for the occurrence of nontemplated addition in Arabidopsis is certainly underestimated, because the addition of nontemplated A nucleotides or nontemplated nucleotides that are identical to the genomic sequence are not included. Therefore, the actual percentage of mRNAs containing nontemplated nucleotide additions prior to polyadenylation is estimated to be higher, approximately 70%. Among the cDNAs observed to have additional nucleotides, approximately 65% contained a single additional nucleotide, one-third contained two additional nucleotides, and a minor fraction contained more than two additional nucleotides. Although the single extra nucleotides could be G, A, T, or C residues, the extra nucleotides on the mRNAs were most often a single C residue (47%). Similarly, mRNAs containing two extra nucleotides were usually two consecutive C residues (27%) (Fig.  3) . Therefore, the nucleotide C is preferentially added to the 3Ј ends of mRNAs prior to polyadenylation.
The 50 nt immediately upstream of the poly(A) tail in the cDNAs were also analyzed. As shown in Figure 4 , the Arich element, frequently AAUAAA, which is approximately centered on position −20, was present in the Arabidopsis cDNAs. T-rich segments often preceded the 3Ј-end processing site, but C-rich sequences were dominant just upstream of the poly(A) (Fig. 4) . In general, the proportion of C in the 50 nt immediately upstream of the poly(A) tail was less than 20%, but the C content strongly increased near the poly(A) tail (Fig. 4) .
The addition of nontemplated nucleotides to the 3Ј termini of mRNAs prior to polyadenylation is a novel observation. However, the mechanism of these additions is unknown. Nontemplated nucleotide addition prior to polyadenylation is probably carried out by a novel low-specificity terminal transferase that is distinct from poly(A) polymerase, along with a tRNA-specific terminal transferase. This novel nucleotidyltransferase probably collaborates with poly(A) polymerase to synthesize a nontemplated sequence at the 3Ј termini of mRNAs.
Although the biological significance of this nontemplated addition is unknown at present, much evidence indicates FIGURE 1. A revised model for the 3Ј-end processing of mRNA precursors. A primary transcript is cleaved endonucleolytically at the poly(A) site, followed by nontemplated base addition or/and degradation by exonucleases, which is then followed by the addition of adenylate residues to the 3Ј end of the upstream fragment to form a poly(A) tail. that the function of the nontemplated addition extends beyond simply the addition of nontemplated nucleotides (Miller et al. 1986; Price et al. 1995; Sun et al. 1996; Murphy & Park 1997; Tretheway et al. 2001 ). The penultimate nucleotide or the last two nucleotides are most often C residues, observed in approximately 50% of all of the genes analyzed. Thus, a CAA or CCA trinucleotide defines the poly(A) site for most genes. Although it is not clear whether the sequences CCA or CAA at the 3Ј end constitute a functional box, all tRNAs end in the conserved 3Ј-CCA, as well as approximately 65% of mature human U2 small nuclear RNAs (snRNAs) and 83% of maize mitochondrial rps12 RNAs (Williams et al. 2000; Cho et al. 2001 ). Therefore, it is possible that a nontemplated addition prior to polyadenylation is involved in mRNA metabolism, independently or in conjunction with polyadenylation. These findings imply that a system exists that acts midway between the CCA addition in eukaryotic cells and polyadenylation. In any event, the nontemplated nucleotide addition prior to polyadenylation is an interesting and unexpected phenomenon.
